To rapidly produce strawberry (Fragaria × ananassa Duch. cv. Benihoppe) transplants from cuttings, suitable light intensities for unrooted runner plants at the rooting stage and rooted runner plants at the seedling stage were determined in a plant factory under LED lighting. At the rooting stage, unrooted runner plants at the 3-leaf stage were hydroponically rooted for 6 days under light intensity of 30, 90, 150, and 210 µmol m −2 s −1 , respectively. At the seedling stage, rooted runner plants were hydroponically grown for 18 days under light intensity of 90, 180, 270, and 360 µmol m −2 s −1 , respectively. The tube LED lights consisting of white and red LED chips were used as sole light source, and photoperiod was controlled as 16 h d −1 . The results showed that the maximum root number (7.7) and longest root length (14.8 cm) of the runner plants were found under 90 µmol m −2 s −1 at the rooting stage. Photosynthetic activity in runner plant leaves under 90 µmol m −2 s −1 were higher than that under 30, 150, and 210 µmol m −2 s −1 . Higher light intensity at the range of 90-270 µmol m −2 s −1 increased the stomatal conductance of newly formed leaves of rooted runner plants, thus improving the net photosynthetic rate and growth of rooted runner plants at the seedling stage. The crown diameter, shoot and root dry weights, and root to shoot ratio of rooted runner plants increased by 9.7%, 38.8%, 106.1%, and 48.7%, respectively, when the light intensity increased from 90 to 270 µmol m −2 s −1 . However, there was no further improvement of runner plant growth under 360 µmol m −2 s −1 . Furthermore, no significant difference of increased dry biomass per mole of photons delivered was found between 180 and 270 µmol m −2 s −1 . In consideration of transplant quality and economic balance, light intensity of 90 µmol m −2 s −1 at the rooting stage and 270 µmol m −2 s −1 at the seedling stage were suggested for rapidly producing hydroponic strawberry transplants based on unrooted runner plants in the LED plant factory.
Introduction
Strawberry (Fragaria × ananassa Duch.) transplants for commercial cultivation are commonly clonally propagated by runner plants around the world. The transplant quality has a marked impact on the yield and quality of the strawberry fruits after transplanting [1] . The strawberry propagation efficiency and the transplant quality are both deeply influenced by various diseases and variable environmental condition in the field [2, 3] . In past decade, runner plant propagation in plant factory with artificial lighting has attracted attention among researchers for its advantages of virus-free year-round production [4] [5] [6] [7] . Practically, unrooted runner plants are separated from mother plants and used as cuttings to produce transplants [8, 9] . To improve propagation efficiency and uniformity of strawberry transplants in a LED plant factory, He et al. [10] developed a new method of harvesting unrooted runner plants at the 3-leaf stage from a runner chain. High-quality hydroponic strawberry transplants are expected to be rapidly produced by culturing uniform unrooted runner plants in the LED plant factory.
Unrooted runner plants of the strawberry plant can absorb water and nutrition from the mother plant through runners [11] . However, it will become autotrophic, absorbing water and photosynthesizing independently when separated from the runner chain. Normally, light intensity during rooting of vegetative cuttings is purposely kept low to decrease any potential wilting [12] . The adventitious roots of vegetative cuttings are carbohydrate sinks, requiring a supply of carbohydrates from leaves [13] . The moderately high light intensity is beneficial to root development. Olschowski et al. [14] reported that the total root length of Calibrachoa "MiniFamous Neo Royal Blue" cuttings under white LED (4000K) at light intensity of 80 µmol m −2 s −1 was higher than that at 40 µmol m −2 s −1 . Unrooted shoot explants derived from in vitro "Festival" strawberry had the higher root number and rooting percentage after being cultured for 30 days under light intensity of 50 µmol m −2 s −1 than 25 µmol m −2 s −1 [15] . Excessive light intensity would damage photosynthetic organs and inhibit photosynthesis and roots [16] . Loach et al. [17] reported that rooting of leafy cuttings of ornamental species grown under fluorescent lights (warm white) were best at light intensity of approximately 90 to 180 µmol m −2 s −1 , and inferior at higher light intensity. To our knowledge, little information is available regarding the effect of light intensity on the rooting of unrooted runner plants except that the rooting frequency of "Tochiotome" strawberry cuttings was found to be higher in the dark than that in the light [9] .
Biomass accumulation in seedling-plant or rooted cuttings of annual bedding plants tends to be positively correlated with light intensity or daily light integral (DLI) levels during propagation [18, 19] . Growth and quality of rooted cuttings of the herbaceous annual plants can be increased by increasing the DLI after callusing under a DLI of 5 mol m −2 d −1 [20, 21] . It is well-known that the growth of strawberry runner plants connected with mother plants through runners can be promoted by increasing light intensity [4, 5, 22] . Miyazawa et al. [23] reported that dry matter accumulation in seed-propagated strawberry seedlings under light intensity of 338 µmol m −2 s −1 was found to be 1.4-1.5 times greater than that under 225 µmol m −2 s −1 . It is plausible to suppose that the growth of rooted runner plants can probably be accelerated by increasing the light intensity at the seedling stage if they have developed enough roots to maintain water balance at the rooting stage.
Therefore, the objective of this study was to investigate the effect of light intensity on root development of unrooted runner plants during the rooting stage and growth of rooted runner plants during the seedling stage under LED lighting. The results can be used as a guideline of light environment management to produce strawberry transplants based on unrooted runner plants in the LED plant factory.
Materials and Methods

Propagation of Unrooted Runner Plants
The unrooted runner plants were propagated in an environment-controlled plant factory under LED lighting. Thirty-two strawberry (Fragaria × ananassa Duch. cv. Benihoppe) mother plants, having three leaves and 10 mm of crown diameter, were planted in a vertical hydroponic system consisting of four cultivation beds (120 cm × 90 cm × 7 cm) and one solution tank. Each cultivation bed held eight mother plants in the central region. The standard strength nutrient solution based on the Yamazaki strawberry formula [24] with EC of 0.6-0.8 mS cm −1 and pH of 6.0-6.5 was continuously recirculated (5.5 L min −1 ) between cultivation beds and the solution tank. The liquid level in the cultivation bed was maintained at roughly 2 cm. The nutrient solution was renewed every 7 days during the experiment. Light intensity of 250 µmol m −2 s −1 and the photoperiod of 16 h d −1 were provided by tube LED lights consisting of white and red LED chips (WR-LED5/1-16W, Beijing Lighting Valley Technology Company, China). Light intensity was measured at the canopy of mother plants by using a portable light meter (LI-250A, LI-COR Biosciences Inc., Lincoln, NE, USA). Spectral distribution of the LED light was measured in wavebands ranging from 300 nm to 800 nm at 15 cm below the light by using a fiber spectrometer (AvaField-2; Avantes Inc., Apeldoorn, The Netherland). The photon flux of LED lighting was composed of 0.1% ultraviolet light (300-399 nm), 24.7% blue light (400-499 nm), 43.6% green light (500-599 nm), 29.7% red light (600-699 nm), and 1.9% far red light (700-800 nm), respectively. Air temperature in the growth chamber was maintained at 25 ± 1 • C/20 ± 1 • C during the photoperiod and dark period, respectively. Average daily relative humidity was controlled at 75 ± 5%. CO 2 concentration was maintained at 800 ± 50 µmol mol −1 during photoperiod and without control during dark period.
Measurement of the Light Response Curve of Mother Plants
A portable photosynthesis system (LI-6400XT, LI-COR Biosciences Inc., Lincoln, NE, USA) equipped with a leaf chamber with 6400-02B LED light was used to measure the light response curve of mother plants. The measurement was conducted on the middle blade of third newly developed trifoliate leaf numbered from the canopy center of five mother plants. The automatic measurement mode was applied. In the leaf chamber, the light intensity was set as follows: 1800, 1500, 1200, 1000, 800, 600, 400, 300, 200, 100, 50, 20, 0 µmol m −2 s −1 , temperature and CO 2 concentration were controlled at 25 • C and 800 µmol mol −1 , respectively. The modified model of rectangular hyperbola [25] was used to fit the relationship between light intensity and net photosynthetic rate. The apparent quantum yield (AQY), maximum net photosynthetic rate (Pm), rate of dark respiration (Rd), compensation light (Lc), and saturation light (Ls) were calculated according to the model.
Harvest of Unrooted Runner Plants
Runners produced by mother plants horizontally crept on the cultivation bed. The crown of the runner plants did not touch the nutrient solution to prevent it from developing primary roots. The unrooted runner plants at the 3-leaf stage were harvested at 25 days and 35 days after planting the mother plants, by the method described by He et al. [10] . They were used in the rooting and growing experiments, respectively.
Effect of Light Intensity on Rooting of Unrooted Runner Plants at the Rooting Stage
Thirty-six unrooted runner plants were clamped with sponges (25 mm × 25 mm × 25 mm) and cultured in hydroponic cultivation beds in the LED plant factory for 6 days. The LED lights used for mother plants were utilized as the light source. The compensation light of strawberry leaves was around 30 µmol m −2 s −1 according to the light response curve of the mother plants ( Figure 1 ). Therefore, we set the lowest light intensity of 30 µmol m −2 s −1 for runner plants at rooting stage. Four levels of light intensity at 30, 90, 150, and 210 µmol m −2 s −1 were set at canopy of runner plants by changing the number and location of LED lights. The photoperiod was 16 h d −1 . Each treatment consists of nine plants with plant spacing of 8 cm. The half-strength nutrient solution based on the Yamazaki strawberry formula with the EC of 0.3-0.4 mS cm −1 and pH of 6.0-6.5 was applied. The air temperature, relative humidity, CO 2 concentration in the LED plant factory were controlled as that described above. The root development, photosynthetic parameters, chlorophyll fluorescence parameters, and chlorophyll content of cuttings were determined at the end of the rooting stage. 
Root Development
Six cuttings in each treatment were randomly selected to evaluate the root development. The number of primary roots of each cutting was counted. The length of each primary root was measured using a ruler, and total root length per plant was calculated.
Photosynthetic Parameters
The photosynthetic parameters, including net photosynthetic rate (Pn), transpiration rate (Tr), stomatal conductance (Sc), intercellular CO 2 concentration (Ci) were measured using a portable photosynthesis system (LI-6400XT, LI-COR Biosciences Inc., Lincoln, NE, USA) equipped with a leaf chamber with 6400-02B LED light. The water use efficiency (WUE) was equal to the ratio of Pn and Tr [26] . The measurement object is the middle blade of third fully expanded trifoliate leaf numbered from the canopy center of each plant, which was also used for the following measurement of chlorophyll fluorescence parameters and chlorophyll content. In the leaf chamber, light intensity, air temperature, and CO 2 concentration in the leaf chamber were set at 300 µmol m −2 s −1 , 25 • C, and 800 µmol mol −1 , respectively.
Chlorophyll Fluorescence Parameters
The OJIP fast fluorescence induction curves of the leaves were measured using a multi-function plant efficiency analyzer (M-PEA, Hansatech Instruments Ltd., Norfolk, UK). The potential maximum photochemical efficiency of PSII (F v /F m ) and performance index based on absorption of light energy (PI abs ) were calculated according to JIP-Test [27] . The leaves were under dark treatment for 30 min before measurement. The saturated pulsed red light intensity was set to 5000 µmol m −2 s −1 and duration time was 2 s.
Chlorophyll Content
The 50 mg fresh tissues of each leaf was extracted in 10 mL 80% (v/v) acetone for 48 h in the dark. The absorbance of extracting solution at 663 nm and 645 nm were measured by a spectrophotometer (UV-3150, Shimadzu Corporation, Kyoto, Japan). Chlorophyll content was calculated according to Arnon's equations [28] .
Effect of Light Intensity on Growth of Rooted Runner Plants at the Seedling Stage
Seventy unrooted runner plants were rooted under 90 µmol m −2 s −1 for 6 days by the same method described above. Then the six rooted runner plants were randomly selected to determine the average initial fresh and dry weights. The other sixty-four rooted runner plants were divided equally into four groups under four levels of light intensity at 90, 180, 270, and 360 µmol m −2 s −1 with the photoperiod of 16 h d −1 corresponding to the DLI of 5.2, 10.4, 15.6, and 20.8 mol m −2 d −1 , respectively, and cultured for 18 days. The standard strength nutrient solution based on the Yamazaki strawberry formula with the EC of 0.6-0.8 mS cm −1 and pH of 6.0-6.5 was used and renewed every 7 days during the experiment. The growth characteristics, photosynthetic parameters, chlorophyll fluorescence parameters, and chlorophyll content of runner plants were determined at the end of the seedling stage.
Growth Characteristics
Six runner plants in each treatment were randomly selected to evaluate the growth characteristics, including crown diameter, leaf number, fresh and dry weights. A digital vernier caliper was used to measure the crown diameter. The leaf number was determined based on the number of fully expanded trifoliate leaves. The fresh weights of shoot and root were measured, respectively, and then dried in an oven at a temperature of 105 • C for 3 h and subsequent 70 • C until constant weight for measuring dry weights. The root to shoot ratio was calculated based on the dry weight.
Photosynthetic Parameters, Chlorophyll Fluorescence Parameters, and Chlorophyll Content
The photosynthetic parameters, chlorophyll fluorescence parameters, and chlorophyll content of runner plants were determined by the method described above except for the fact that the light intensity in the leaf chamber was set at 400 µmol m −2 s −1 during the measurement of photosynthetic parameters.
Photon Yields of Fresh and Dry Biomass
The photon yields of fresh and dry biomass were determined to evaluate the light use efficiency of runner plants at the seedling stage. The photon yield (PY, g mol −1 ) means fresh or dry weight increase per mole of photons delivered during the cultivation period, which was calculated as:
where W 2 (g per plant) is the final fresh or dry weight per runner plant; W 1 (g per plant) is the average initial fresh or dry weight of runner plants; D (plants m −2 ) is the plant density; DLI is the daily light integral at canopy of runner plants; N is days of cultivation at seedling stage.
Statistical Analysis
Statistical analysis was performed using SPSS 21.0 (IBM, Inc., Chicago, IL, USA). Treatment means were separated by an analysis of variance (ANOVA) followed by Tukey's multiple range test at p ≤ 0.05 (n = 6). The regression analysis between photon yield and DLI was performed using Microsoft Excel 2013 software (Microsoft Corporation, Redmond, WA, USA).
Results and Discussion
Root Development and Leaf Photosynthetic Activity of Unrooted Runner Plants as Affected by Light Intensity at the Rooting Stage
Root development of strawberry cuttings was significantly affected by the light intensity. The primary roots of runner plants under 30 µmol m −2 s −1 looked very slender than that under higher light intensity ( Figure 2 ). The root number (7.7) and total root length (14.8 cm) of the runner plants were found to be maximum under 90 µmol m −2 s −1 (Figure 3 ). Saito et al. [9] reported that the rooting frequency of "Tochiotome" strawberry cuttings was higher in the dark than in the light. However, our results indicated that the root number and total root length of runner plants under 90 µmol m −2 s −1 increased by 58.8% and 71.9%, respectively, compared to that under 30 µmol m −2 s −1 . Similar results reported that unrooted shoot explants derived from in vitro "Festival" strawberry had the higher root number and rooting percentage after being cultured for 30 days under light intensity of 50 µmol m −2 s −1 than 25 µmol m −2 s −1 [15] . The developing adventitious roots of vegetative cuttings are carbohydrate sinks, requiring minimum energy for root development [13] . It was reported that the total root length of Calibrachoa "MiniFamous Neo Royal Blue" cuttings under light intensity of 80 µmol m −2 s −1 was higher than that under 40 µmol m −2 s −1 [14] . Root dry weight of Petunia × hybrida cuttings rooted for 16 days increased by 452% as the DLI increased from 1.2 to 3.9 mol m −2 d −1 , corresponding to the light intensity from 20 to 68 µmol m −2 s −1 with a photoperiod of 16 h d −1 [29] . (Figure 3B ). Similar trends were found in the rooting of leafy cuttings of ornamental species, for example, that rooting of Forsythia × intermedia "Lynwood" and Weigela florida "Variegata" were best under light intensity of 90 and 180 µmol m −2 s −1 but inferior at the higher light intensity [17] .
The relationship between root development and light intensity can be explained by the various photosynthetic activity of leaves. The Pn of runner plants under 90 µmol m −2 s −1 were higher than that under 30 µmol m −2 s −1 (Figure 4A ). We inferred that the higher light intensity contributed to higher photosynthates and thus promoted root development of runner plants in this study. However, runner plants under 210 µmol m −2 s −1 had a decreased Pn compared to that under 90 µmol m −2 s −1 . The purple-red leaves of runner plants were observed under the light intensity of 210 µmol m −2 s −1 (Figure 2 ). The total chlorophyll content of runner plants under 210 µmol m −2 s −1 decreased by 32.1% compared with that under 30 µmol m −2 s −1 (Figure 4H ). The Ci showed an opposite tendency of Pn ( Figure 4D ). No significant differences in the Tr, Sc, and WUE were found under four levels of light intensity ( Figure 4B,C,E) . The opposite trend of Pn and Ci indicated that the decreases in Pn of runner plants under 30 and 210 µmol m −2 s −1 were due to the decrease of photosynthetic activity of mesophyll cells, instead of stomatal limitation [30] . The F v /F m was used as a stress indicator of strawberry leaves for its sensitivity to early stress responses [31] . No significant difference in F v /F m of the leaves of runner plants under 30 and 90 µmol m −2 s −1 was found ( Figure 4F) ; however, it decreased significantly under 150 and 210 µmol m −2 s −1 . The PI abs is more sensitive than F v /F m , which is a multi-parameter expression involving the three main functional steps of photosynthetic activity [32, 33] . PI abs of the leaves of runner plants under 90 µmol m −2 s −1 was higher by 34.6%, 84.6%, and 309.3%, respectively, compared with that under 30, 150, and 210 µmol m −2 s −1 (Figure 4G ). The light intensity lower or higher than 90 µmol m −2 s −1 indeed had a negative effect on the photosynthetic activity of leaves in our study. Therefore, rooting of unrooted runner plants can be promoted by increasing light intensity to 90 µmol m −2 s −1 .
Plant Growth and Photon Yield of Biomass of Rooted Runner Plants as Affected by Light Intensity at the Seedling Stage
The subsequent growth of rooted strawberry runner plants was significantly affected by light intensity after being rooted for 6 days under 90 µmol m −2 s −1 . It was observed that the runner plants grown under 270 and 360 µmol m −2 s −1 were more compact than those under 90 and 180 µmol m −2 s −1 (Figure 5 ). The crown diameter of runner plants increased by 9.7% when light intensity increased from 90 to 270 µmol m −2 s −1 ; however, no further increase was observed when light intensity increased to 360 µmol m −2 s −1 (Figure 6A ). No significant difference in leaf number was found under the four levels of light intensity ( Figure 6B ). Runner plants grown under a light intensity of 180-360 µmol m −2 s −1 for 18 days had a crown diameter of approximately 10 mm and 6 leaves, which were big enough to be transplanted for fruit production or to be used as mother plants in runner plants propagation. The root fresh weight, shoot, and root dry weights of runner plants under 270 µmol m −2 s −1 increased by 63.3%, 38.8%, and 106.1%, respectively, compared with that under 90 µmol m −2 s −1 ; however, the shoot fresh weight under four levels of light intensity did not show any significant difference ( Figure 6C-F) . Increased shoot dry weight and invariable shoot fresh weight indicated that the water content of the shoot in runner plants was decreased with an increase of light intensity. This agreed with the result of Nguyen et al. [34] , which reported that the water content in both the stems and leaves of coriander was decreased with an increase of light intensity. The root to shoot ratio of runner plants increased with increasing light intensity ( Figure 6G ). It indicated that more carbohydrates are distributed to the root under higher light intensity, which is therefore in favor of producing a strong transplant [35, 36] .
The dry biomass accumulation of rooted runner plants grown under 90-270 µmol m −2 s −1 increased with increasing light intensity. Similar results were reported that "Toyonoka" strawberry plants under a higher light intensity (110-122 µmol m −2 s −1 ) showed higher dry weights than that under a lower light intensity (50-55 µmol m −2 s −1 ) [5] . Miyazawa et al. [23] reported that dry matter accumulation of seed-propagated strawberry seedlings under a light intensity of 338 µmol m −2 s −1 was 1.4-1.5 times greater than that under 225 µmol m −2 s −1 . The higher light intensity resulted in higher DLI, thus enhancing the dry matter accumulation. Currey et al. [20] reported that the growth and quality of rooted cuttings of herbaceous annual plants could be improved by increasing the DLI. After callusing under a DLI of 5 mol m −2 d −1 for 7 days, biomass accumulation in the leaf, stem, and root of geranium, petunia, and new guinea impatiens increased linearly with DLI at 14 days after transfer [21] . Similar trends were also found on the sweet basil and lettuce that were grown in a plant factory [37, 38] . Marcelis et al. [39] reported that a 1% increase in the amount of light resulted in a 1% yield increase in greenhouse grown crops. However, a higher light intensity did not show a positive effect on biomass accumulation compared to 270 µmol m −2 s −1 in our study. Similar results on bedding plants were reported by Faust et al. [36] that the total plant dry mass increased at a decreasing rate as DLI increased from 5 to 43 mol m −2 d −1 , and the maximum peak point varied with specific species.
The Pn, Tr, Sc, and Ci of runner plants increased with increasing light intensity at 90-270 µmol m −2 s −1 (Figure 7A-D) , however, total chlorophyll content showed no significant difference ( Figure 7H ). These indicated that the lower Pn of runner plants under 90 and 180 µmol m −2 s −1 were due to the limitation of stomata. Although no significant differences of Pn, Tr, Sc, and Ci were found between 270 and 360 µmol m −2 s −1 , the mild photoinhibition of rooted runner plants under 360 µmol m −2 s −1 can be found according to the lower F v /F m and PI abs of leaves ( Figure 7F,G) . The WUE of runner plants decreased with increasing light intensity ( Figure 7E ). It was worth noting that Sc, Tr, and WUE varied in runner plants but not in cuttings. In our study, cuttings were cultured for only 6 days and no new leaf was developed; however, rooted runner plants were cultured for 18 days and three new leaves were developed. The photosynthetic parameters of cuttings were measured on the leaves that have developed before light treatment; however, photosynthetic parameters of rooted runner plants were measured on the new leaves developed under different light intensities. Therefore, the light intensity did not affect the Sc of leaves formed before light treatment; however, the Sc of newly developed leaves under different light treatment increased with increasing light intensity. It was reported that the higher light intensity (350 vs 90 µmol m −2 s −1 ) increased stomata length, width, and density in cowpea newly developed leaves [40] . The higher light intensity (90 to 270 µmol m −2 s −1 ) might improve stomata development in newly developed leaves of runner plants, thus increasing the Sc, Ci, Pn, and Tr in this study. We inferred that there may be an inflection point between 270 and 360 µmol m −2 s −1 in regard to promote the stomata development for the reason that no difference of Sc was found between these two intensities.
The concept of photon yield is aimed at assessing the effectiveness of electric light sources for cultivating crops in a plant factory [41] . A higher photon yield indicates a greater efficiency of biomass accumulation when receiving each mole of photons. In our study, the photon yield of fresh and dry biomass of runner plants decreased linearly with the increase of DLI (Figure 8 ). Our results were similar to those of Yan et al. [38] , which showed that light use efficiency of lettuce decreased linearly as DLI increased. It is worth noting that no significant difference in photon yield of dry biomass under DLI of 10.4 and 15.6 mol m −2 d −1 was shown ( Figure 8B ). Therefore, it is economically the same to culture rooted runner plants under 180 and 270 µmol m −2 s −1 when evaluated by dry biomass increase per mole of photons delivered. Hence, the light intensity of 270 µmol m −2 s −1 is suggested for culturing rooted runner plants in consideration of the higher quality of transplants. 
Conclusions
Root development of cuttings was best under 90 µmol m −2 s −1 at the rooting stage. The fully developed leaves of cuttings had decreased photosynthetic activity of mesophyll cell after higher or lower light treatment than 90 µmol m −2 s −1 . Higher light intensity at the range of 90-270 µmol m −2 s −1 increased the stomatal conductance of newly formed leaves of rooted runner plants, thus improving the net photosynthetic rate and growth of rooted runner plants at the seedling stage. However, there was no further improvement of runner plant growth under 360 µmol m −2 s −1 . No significant difference in photon yield of dry biomass was found between 180 and 270 µmol m −2 s −1 . Therefore, light intensities of 90 µmol m −2 s −1 at the rooting stage and 270 µmol m −2 s −1 at the seedling stage are recommended for rapidly producing hydroponic strawberry transplants based on unrooted runner plants in the LED plant factory.
